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Abstract— Low-light imaging is an essential characteristic 
of Space and Quanta sensing applications. For an accurate 
design and optimization of image sensor pixels, the analysis of 
Dark Current generation mechanisms including effects of 
Temperature, Trap concentration and Trap Cross-section is 
essential. TCAD optoelectrical simulations are used to calculate 
the thresholds of the above generation effects and the 
corresponding Dynamic Pinned Photo-Diode (PPD) 
capacitance variations. An interfacial Trap model with various 
generation models activated allows comparison of variations in 
PPD capacitance on a widely used PPD model both in light and 
dark. This allows the remodeling of existing CMOS image 
sensor compact models to capture the Dark Current effects in 
Low illumination regime. The compact model shows a deviation 
of 6.85% from the physical device. 


Keywords—Low-light imaging, Dark Current, Pinned Photo- 
Diode capacitance, CMOS Image Sensors. 


I. INTRODUCTION 


Low-light imaging finds applications in the fields of 
scientific imaging, space exploration, single-photon and 
quanta image sensing. The dark current effect is obviously 
more important and directly affects the image sensor efficacy 
in such Low illumination regime. Although the effect of some 
dark current sources on image sensor performance is 
highlighted 1n the literature [1], its comprehensive effects on 
existing capacitance models is required. Therefore, an 
accurate analysis of important dark current generation sources 
and their effect on the image sensor model is essential. The 
effects of Temperature, Trap concentration and Trap cross- 
sectional area on a standard Pinned Photo-Diode (PPD) model 
1.e., Dynamic Capacitance model [2] is considered. The 
threshold values due to these generation sources and the 
corresponding PPD capacitance in Low illumination region 
are then calculated. Finally, these effects are included in a 
dynamic compact model [4]. 
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Fig. 1. Mixed-mode TCAD optoelectrical simulation of a front side, 
linearly polarized plane wave excited 4-T CMOS image sensor. 


II. METHODOLOGY 


TCAD optoelectrical simulation of a front side, linearly 
polarized plane wave (650 nm wavelength) excited 4- 
Transistor CMOS image sensor (Fig. 1) is considered. The 
Dynamic Capacitance curve (ratio of variation of photo- 
generated charge to variation of PPD potential) shows three 
main regimes 1.e., Low, Mid and High illumination regions 
(Fig. 2). With an Equilibrium Full-Well Capacity of ~21855 
e's and Pixel Pitch of 3.4 um, the Low Illumination regime 
lies below an intensity of 2.5 mW-cm” corresponding to 
photo-generation of ~2007 es. At low light intensities, the 
depletion capacitance is the dominant component of PPD 
capacitance [3]. An analytical PPD Capacitance model [4] 
with relevant substitutions fits the Low illumination regime 


(Fig. 3): 
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where the symbols are chosen to be consistent with [4]: 


Cppp = Pinned Photo-Diode capacitance, 

Vnax (Equilibrium well potential) = 1.77V, 

D (Equivalent doping concentration) = 3.6x10!° em?, 
A (Area of Photodiode) = 3.27 um’, 

N- = Photogenerated electrons, 

gq = Electronic charge, € = Permittivity of silicon. 
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Fig. 2. Dynamic Capacitance curve highlighting the three illumination 
regimes, in conformity with the capacitance measurements performed by 


[2]. 
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Fig. 3. PPD Capacitance in Low illumination regime compared with the 
analytical model. 


A. Dark Current generation 


For Dark Current generation, a Silicon-Oxide interfacial 
Trap model [5] with initial Trap Concentration of 5x10” traps 
cm” and Cross-sectional area of 1<10°!° cm? is defined. The 
Auger, Band-to-Band and Surface SRH models are activated. 
The Dark Current curve (Fig. 4), for an integration time of 
150 us, peaks at the Transfer Gate low-voltage (VLora) of 0V 
which 1s shifted by almost 0.4V from the measurement results 
[1] due to variation in doping profile. Also, with the rise in 
temperature, the trap-generated charges in the PPD, which 
initially decrease due to charge transfer towards the floating 
diffusion node, reach ~1121 e's at 353°K (80°C) (Fig. 5). The 
Dark Current curve follows the Arrhenius law with the rise in 
temperature (Fig. 5 inset). 


The surface generation due to interface states is related to 
trap concentration, cross-section and temperature by the 
relation [7]: 


Cin Cin 
Ne = Io ‘Gdt = J, = CnsCpys DirB <n dt (2) 


where, 

N.= Surface generation due to interface states (e*), 

G =Rate of generation of e-hole pairs (e* s‘'), 

tin. =Integration time (s), 

Crs =OnXVin= Electron capture coefficient (cm? s"), 
Cys =OnXUin= Hole capture coefficient (cm? s”'), 
Dir=Density of traps per unit energy (traps cm? eV"), 
fb =1/kT and 


n; = intrinsic carrier concentration (cm”). 


B. Dynamic Capacitance calculations 


The Dynamic Capacitance is calculated next by varying 
the temperature, trap concentration and capture cross-section 
in TCAD logarithmically and comparing the generated 
charges with the Capacitance variation under illumination 
(Fig. 3). Next, in order to capture the dark current generation 
effects on the PPD capacitance, an existing compact model 
[4] 1s updated with a parallel equivalent dark capacitance 
(Cega) (Fig.6). Here, Crp = Floating diffusion capacitance, 
Vta= Transfer Gate voltage, Vrp= Floating diffusion voltage, 
Iy = Light intensity, T = Temperature in °K and Total 
photodiode current (Ippp)= f (Vra, Ig, T). Ippp can be found 
using various charge transfer models [3,4] considering the 
thermionic emission mechanism amongst others. Crp can be 
estimated using Photon Transfer curve of the sensor [8]. 
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Fig.4. Dark Current plot similar to the dark current measurements 
performed by [1], with peak at Viorc=0V. 
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Fig. 5. Trap generated charge variation with Temperature (Inset Arrhenius 
Plot at Vrc=0V). 
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Fig. 6. Remodeling of CMOS image sensor compact model to capture the 
dark current generation effects. (a) Updated physics-based model, (b) 
Physical device (image sensor pixel). 


The model is verified by comparing the physics-based 
model mixed-mode simulation results with the physical pixel 
results. 


Il]. RESULTS AND DISCUSSION 


The PPD Capacitance, after the Temperature threshold of 
333 °K, increases rapidly with the increase in temperature 
with capacitance value of 1.43 fF at the threshold (Fig. 7). The 
equivalent illumination capacitance (Fig. 3) for the 
corresponding charge generation of 1265 e's is 1.40 fF. 
Similarly, the PPD Capacitance, after the Trap concentration 
and Capture Cross-Section threshold of 5x10! traps-cm” and 
1x10" cm’, increases rapidly with the increase in Trap 
concentration and Cross-sectional area with capacitance 
values of 1.37 fF and 1.44 fF at the threshold respectively (Fig. 
8, Fig. 9). The equivalent illumination capacitance (Fig. 3), in 
these cases, for the corresponding charge generation of 626 & 
s and 1265 e's is 1.37 fF and 1.40 fF respectively. 


From the above results, it is clear that keeping the 
operating conditions like V7c, J, and T constant, the various 
Dark current sources affect the PPD Capacitance considerably 
after a certain threshold value. This is evident from (2), as rate 
of generation due to interface states is directly proportional to 
the trap concentration and capture cross-section. But in case 
of temperature, as the potential barrier between Pinned Photo- 
Diode and Floating Diffusion node reduces with increase in 
temperature, the PPD capacitance shows an initial dip. 
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Fig. 7. PPD Capacitance variation with Temperatue threshold of 333 °K 
and capacitance & charge generated values at threshold = 1.43 fF & 1265 e- 
s respectively. 
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Fig. 8. PPD Capacitance variation with Trap Concentration threshold of 
5x10" traps-cm” and capacitance & charge generated values at threshold = 
1.37 fF & 626 e's respectively. 
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Fig.9. PPD Capacitance variation with Trap Capture Cross-Section 
threshold of 1x10°'’ cm? and capacitance & charge generated values at 
threshold = 1.44 fF & 1265 e's respectively. 


Table 1 summarises the effects of Dark current sources on 
the total equivalent capacitance (Ceg,a|| Cppp) at the incident 
light intensity (I») of 1.7 »W-cm”. The difference between the 
Vout (voltage at Out node in Fig. 1) of the physical device and 
the compact model shows the maximum deviation (AVout) of 
-8.7mV for a Vout of 0.127V 1.e., 6.85%. 


Table 1. Difference between Vy, Physical device and Vou, Compact model 
for three instances of Dark current sources at I, =1.7 »W-cm” along with 
the corresponding total equivalent capacitance values. 


Ceg,a || Crpp 


Model 
deviation 
(AV out/ Vout) 


Dark current source 


Temperature (333°K) 1.40 fF -6.9mV/0.126V 


Trap Cross-Section 
(1x10°!? cm?) 


1.41 fF -6.7mV/0.126V 
1.39 fF -8.7mV/0.127V 


IV. CONCLUSIONS 


Trap Concentration 
(5x10!° traps-cm’’) 


The calculation of various Dark Current generation source 
thresholds (temperature, trap concentration and capture cross- 
section) and their effects on the generation mechanisms (rate 
of generation of charges in PPD), leads to an accurate 
Dynamic Capacitance modeling. This allows the remodeling 
of existing compact image sensor models capturing the Dark 
Current effects (model deviation of ~6.85%), especially for 
the Low illumination regime. This analysis, as a future work, 
shall help in proposing various Process and Device level 
Compensation techniques [6] leading to an efficient reduction 
in Dark current for Low-light imaging applications. 
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